biodiversity and ecosystem functioning. It is therefore crucial to understand their responses 85
if the environment is to be protected or reclaimed. 86
For some time it has been known that microorganisms of the Athabasca River 87 9 (5'-TAC GGR AGG CAG CAG-3') and the reverse primer BR534/18 linked to the Ion 176 Torrent adapters described above and the multiplex identifier (MID) listed in Table S1 . We 177 could not use the same primers for bacterial 454 and Ion Torrent sequencing as the size of 178 the fragments that can be amplified during the emulsion PCR step of the Ion Torrent library 179 preparation is currently limited to ~330bp. Therefore, to minimize the amplification biases 180 and maximize comparative power, amplifications were carried out on diluted amplicons 181 that were used for bacterial 454 sequencing. Reactions were performed in 25-µl volumes 182 containing 1 µl of template DNA, 0.3 µM each primer, 0.4 mg/ml of BSA, 0.2mM of 183 dNTPs and 0,05 U/µl of rTaq DNA polymerase (GE Healthcare, Baie d'Urfé, Canada). 184
Cycling conditions involved an initial 5 min denaturing step at 95°C, followed by 25 cycles 185 of 30 s at 95°C, 30 s at 55°C, and 45 s at 72°C, and a final elongation step of 3 min at 72°C. 186
All PCR products were purified on agarose gels using the QIAquick Gel Extraction Kit 187 (Qiagen, Valencia, CA) and quantified using the PicoGreen dsDNA quantitation assay 188 (Invitrogen, Carlsbad, CA). For each sequencing run, all the 17 amplification products from 189 the different samples were pooled in an equimolar ratio, resulting in three pools (two for 190
Bacteria and one for Archaea). 
Bioinformatic analyses 218
The 16S rRNA gene amplicons were mostly treated using the RDP Pyrosequencing 219 pipeline (http://pyro.cme.msu.edu/) (Bacteria) or a local Perl implementation of it 220 (Archaea). For Bacteria, sequences having an average quality under 20 (46), having 221 11 unidentified bases (N), not exactly matching the MID sequence or being shorter than 100 222 bp were discarded. For Archaea, sequences having an average quality under 17, having Ns, 223 not exactly matching the MID sequence or being shorter than 75 bp were discarded. 224
Following this filtering, the 454 Bacteria dataset comprised 460,535 reads of an average of 225 222 bp for a total of 102 Mbp, the Ion Torrent Bacteria dataset comprised 738,123 reads of 226 an average of 173 bp for a total of 125 Mbp and the Ion Torrent Archaea dataset comprised 227 5,736 reads of an average of 101bp for a total of 579 kbp. Remaining sequences were then 228 submitted to the RDP classifier using a 0.5 bootstrap cutoff, as recommended for short 229 sequences (4). For Bacteria, sequences matching plant plastids were removed from the 230 dataset and not taken into consideration in further analyses. For operational taxonomic unit 231 (OTU) calculations, flowgrams from sff files were de-noised and clustered using 232 AmpliconNoise (33). Some parameters were adjusted for Archaea to meet the 233 specifications of the Ion Torrent, mainly the non-repetitive flow order. Before performing 234
AmpliconNoise calculations, datasets were normalized by randomly selecting 25,000 235 sequences for Bacteria and 700 sequences for Archaea. A 97% similarity cutoff was used, 236 but similar trends in diversity were observed at lower cutoff values. Weighted-normalized 237
Unifrac distances between each sample pair were calculated using the FastUnifrac website 238 (12) based on the GreenGene core dataset. 239
240

Statistical analyses 241
Canonical correspondence analyses (CCA) were carried out in Canoco for Windows v 4.5, 242 with phylum/class data entered as supplementary variables (not included in the calculation 243 of the ordination). All other statistical analyses were carried out in R (The R foundation for  244 12 Statistical Computing, Vienna, Austria). Pearson (r) and Spearman rank-order correlations 245 (r s ) were carried out using the "cor.test" function. Principal coordinate analyses (PCoA) 246 were carried out using the "cmdcsale" function. Mantel tests based on Spearman 247 correlations were performed using the "mantel" function while permANOVA was 248 performed using the "adonis" function of the "vegan" package. Geographical distances 249 between sampling sites were derived from GPS coordinates using the "earth.dist" function 250 of the "fossil" package. 251
13
Results
253
Sediment physico-chemical analyses 254
We assessed the following variables: loss on ignition (% organic matter), sediment 255 granulometry, total petroleum hydrocarbon (TPH), total straight-chain hydrocarbons 256 higher in tailings pond sediments when compared to the other sampled sediments (Table 2) . 263
Concomitant higher organic matter in tailings pond sediments, except for the SY1A sample 264 (Table 2) , was also noted. The sediment clay percentage, TAH and EPA PAH were 265 negatively correlated to distance from the closest tailings pond (r s =-0.548, P=0.023; r s =-266 0.526, P=0.030; r s =-0.523, P=0.031, respectively), indicating that these variables had higher 267 values in ponds and in sediments found closer to the tailings ponds. 268
269
Microbial community composition and diversity 270
The bacterial 454 dataset was used for most of the analyses, while the utility of Ion Torrent 271 sequencing was verified by comparing 454 and Ion Torrent datasets. The relative 272 abundance at the phylum level varied considerably across the different samples (Fig. 2 , 273 Table S2 ). The largest differences were between the tailings ponds (especially the Syncrude 274 ponds) and the rest of the samples. For all samples, Proteobacteria was the dominant 275 14 phylum, with Alphaproteobacteria and Betaproteobacteria being the most dominant classes 276 within that phylum, with the exception of samples SL and EU where Deltaproteobacteria 277 dominated (Fig. 2) . Bacteroidetes, Firmicutes and Chloroflexi were also relatively 278 abundant, but with large sample-to-sample variation (Fig. 2) . At this level, no clear 279 grouping of the samples could be observed relative to the sampling location (tributaries vs. 280 Athabasca River). Further illustrating the large differences between the tailings ponds and 281 the river sediments, Canonical Correspondence Analysis (CCA) based on genus-level 282 information revealed a clear separation of the Syncrude tailings ponds from all the other 283 samples on the first ordination axis of the plot (Fig. 3) . Similar results were obtained by 284
Principal Coordinate Analysis (PCoA) based on Unifrac distances (Fig. S1 ). This 285 separation was explained by higher clay, NA, PAH, TPH, TSH and TAH content. The 286
Syncrude samples had relatively more Betaproteobacteria, Epsilonproteobacteria and 287
Deltaproteobacteria and relatively less of all other groups (Fig. 3) . This relative increase in 288
Betaproteobacteria and Deltaproteobacteria was primarily due to three taxa: Rhodoferax, 289
Thiobacillus and Smithella which dominated in the Syncrude tailings ponds sediments but 290 were at lower relative abundance in the other samples (Table S3) The archaeal community was mainly composed of Euryarchaeota at the phylum 302 level (58-100% of classified hits). The Syncrude tailings ponds were almost or completely 303 devoid of Crenarchaeota (0-2.8%) while the remaining samples had relatively more (2.6-304 42%). Only 15 different archaeal genera could be identified with most belonging to the 305 Methanomicrobia class of the Euryarchaeota (Fig. 2) . Two genera, Methanoculleus and 306
Methanolinea, were observed exclusively in the SY1B sample, while Methanobacterium, 307 although absent from the three tailings ponds, were present in almost all other samples (Fig.  308 2). Methanosarcina were absent from the two Syncrude tailings pond samples, but present 309 in all other samples (Fig. 2) . CCA based on genus-level data resulted in a clear separation 310 of the Syncrude tailings ponds from all other sediment samples (Fig. 3) . Similar results 311 were obtained by PCoA based on Unifrac distances (Fig. S2 ). This separation was 312 explained by higher clay, NA, PAH, TPH, TSH and TAH content which resulted in these 313 samples having relatively more Methanobrevibacter, Methanocorpusculum, 314
Methanoculleus and Methanolinea and relatively fewer of the other groups (Fig. 3) . 315
Removing tailings ponds samples and re-running the analyses did not result in clear 316 clustering of samples (not shown). Archaeal diversity was relatively uniform across 317 samples and no significant differences were observed between tailings ponds, tributaries or 318 the Athabasca River sites ( Table 2 ). The lowest archaeal diversity was observed in the 319
Suncor tailings pond (SU3) and highest in the mid Ells River (EM) ( Table 2 ). The number 320 of archaeal OTU (97% similarity) was significantly correlated with TPH, TSH, TAH and 321 Naphthenic acids had the strongest influence (highest F-ratio), followed by clay. All other 331 variables did not significantly influence the community structure. We also tested for 332 correlations between bacterial and archaeal diversity and physico-chemical variables. 333
Bacterial diversity was negatively correlated to LOI and TSH (r s =-0.733, P=0.00081; r s =-334 0.525, P=0.033, respectively), whereas archaeal diversity was negatively correlated to TPH, 335 TSH, TAH and EPA-PAH (r s =-0.539, P=0.028; r s =-0.544, P=0.026; r s =-0.551, P=0.024; 336 r s =-0.544, P=0.026, respectively). 337
We found a significant relationship between bacterial and archaeal community 338 composition and proximity to the tailings ponds, when proximity was defined as a distance 339 of less than 10 km. This relationship was observed at the phylum and genus levels, as well 340 as for the Unifrac distances calculated from sequence similarity. This observation indicates 341 that the microbial communities from samples taken less than 10 km away from the tailing 342 ponds are more similar to each other and to the tailings ponds communities than to the 343 microbial communities of samples taken more than 10 km away. In contrast, this 344 Several bacterial genera (Table S3) were significantly correlated with sediment 381 chemical data and we present the 10 strongest positive and negative correlations in Table 3 . 382
Six genera showed strong positive correlations with TPH, TSH, TAH, EPA-PAH or NA: 383 Schumannella (Actinobacteria), Hydrogenophaga (Betaproteobacteria), Azonexus 384 (Betaproteobacteria), Salinimicrobium (Bacteroidetes), Achromobacter 385 (Betaproteobacteria) and Gillisia (Bacteroidetes) ( Table 3) . Four genera showed strong 386 negative correlations with TPH, TSH, TAH, NA or EPA-PAHs: Sorangium 387 (Deltaproteobacteria), Hyalangium (Deltaproteobacteria), Rhodopila 388 (Alphaproteobacteria) and Mesorhizobium (Alphaproteobacteria) ( Table 3) . 389
Ion Torrent sequencing 391
In order to confirm the suitability of Ion Torrent sequencing for microbial ecology 392 studies, we generated two bacterial 16S rRNA gene datasets, one using 454 sequencing and 393 one using Ion Torrent. The two regions amplified overlapped and we analyzed these two 394 datasets separately and compared the results generated from an ecological perspective. The 395 relative abundances of the most dominant phyla and Proteobacteria classes derived from 396 the two datasets were strongly correlated (Fig. 6) . However, the slope of the curves 397 differed, indicating some preferential amplification most probably due to the different 398 forward primer used. Unifrac-based PCoA ordinations revealed almost identical patterns in 399 community structure derived from 454 and Ion Torrent data, with the Syncrude tailings 400 ponds clustering away from all other samples (Fig. S1 ). The significant correlations found 401 between taxa derived from the 454 dataset and environmental variables were also found in 402 a majority of cases for the data derived from the Ion Torrent dataset (Table 4) . size (clay percentage) had a significant effect on the microbial community structure, 476 indicating that differences in bulk density might drive the differences observed between the 477 pond samples by changing oxygen availability. The water depth in the Suncor pond is also 478 shallow relative to the Syncrude site, which might again change oxygen availability in the 479 sediments. Large differences within the Syncrude sediments were also observed, which is 480 not surprising since sediment size within tailing ponds can vary substantially due to 481 differences in originating material through time. These results indicate that there is a large 482 within and between pond variability and that pond remediation strategies will probably 483 need to be adapted to the specific pond conditions (e.g. aerobic vs. anaerobic degraders). 484
485
Indicator taxa 486
It is very difficult to chemically distinguish the heavy hydrocarbons produced during 487 mining and the extracted hydrocarbons produced through upgrading activities from those 488 that are naturally occurring in the Athabasca River ecosystem, since they originate from the 489 same source. Naphthenic acids are seen as the most promising chemical indicators of 490 potential downstream effects after release (10) and recent work suggests that it may be 491 possible to identify NAs specific to a source (36). Microorganisms, however, are sensitive 492 to low pollutant concentrations and it is conceivable that they could serve as more accurate 493 indicators for oil sands mining impacts. This study served as a stepping-stone to identifying 494 microbial bio-indicators related to oil sands mining activities. Several of the measured 495 24 chemical compounds appeared to have a negative influence on specific microbial taxa, 496 probably linked to their toxicity, although nutrient-like effects cannot be ruled out. For 497 instance, Cyanobacteria were negatively correlated to sediment hydrocarbon content, being 498 relatively less abundant in tailings ponds and in river sediments with higher hydrocarbon 499 content. In other studies, Cyanobacteria have been reported to be sensitive to low 500 concentrations of pharmaceutical pollutants (48). As well, NAs have been shown to 501 influence phytoplankton community composition (27). In aquatic ecosystems, 502
Cyanobacteria are involved in major processes (C-and N-fixation) that are at the base of 503 ecosystem productivity. A decrease in primary production resulting from a decreased 504 presence of Cyanobacteria could also have a cascade effect on microbial communities. 505
In contrast, some taxa were positively correlated to hydrocarbon compounds and 506 naphthenic acids, which could indicate that these taxa were either less affected by the 507 toxicity of PAH and NA, or that they might be able to use some of these compounds as 508 carbon sources. Additional physico-chemical factors might also play a role beyond 509 hydrocarbons and NA: it would seem unlikely that a strict aerobe would be found in all 510 samples, nor that a strict anaerobe would be found in shallow (oxic) river sediments. For 511 instance, Azonexus, a nitrogen-fixing bacterium, was positively correlated to sediment PAH 512 concentrations, suggesting that this genus was more abundant in disturbed environments. In 513 fact, strains from the closely related Azoarcus genus were first isolated from petroleum 514 refinery oily sludge (22) (Table S3) , and their presence might not be indicative of a preference for contaminated 529
conditions, but rather of the limited oxygen available in the pond sediments due to the 530 sampling depth or the higher clay content of the sediments. However, the presence of 531 methanogens in all the samples indicates that some anaerobic niches were potentially 532 available even in the shallower river sediments. 533
534
16S rRNA gene amplicon sequencing with the Ion Torrent PGM 535
The present study is the first to use Ion Torrent's PGM to sequence 16S rRNA amplicons 536 from environmental samples. As with any new sequencing technology, however, many 537 believe that high error rates might blur the microbial community picture generated. We 538 therefore carried out extensive validation work of the technique in the context of microbial 539 ecology studies. The Ion Torrent sequencing approach was first evaluated by sequencing 540 the same bacterial 16S rRNA region using 454 and Ion Torrent. 454 sequencing is widely 541 26 accepted as accurate and has been used in numerous studies. The Ion Torrent generated a 542 dataset that was highly similar to the one generated by 454. Some differences were 543 observed in the relative abundance at the phylum level and were most probably related to a 544 primer bias as the forward primer was not the same for the two sequencing runs because of 545 the current technical limitation to the amplicon size that can enter in the emulsion PCR 546
procedure during Ion Torrent library preparation. Having said that, the 454 and Ion Torrent 547 datasets were almost interchangeable and both would have yielded the exact same 548 ecological conclusions. We used the 454 dataset in our ecological analyses simply because 549 of the longer read length. 550
The second validation analysis was to sequence known Bacteria and Archaea 551 strains and to carry the sequencing results through our analysis pipeline. Using this 552 approach, we determined that no misclassification had occurred for Archaea and that less 553 than 0.1% of the Bacteria sequences were misclassified. The small amount of misclassified 554 bacterial sequences could be due to several different factors: 1) errors in the main part of 555 the sequence, 2) errors in the MID, which caused migration from one bin to the other, or 3) 556 carryover during the initial PCR or the emulsion PCR procedure. Sequencing errors for Ion 557
Torrent occur mainly at long homopolymer stretches (29). However, the longest 558 homopolymer stretch in the 16S rRNA gene region for Alkanindiges is four, which is 559 normally not problematic. The majority of the sequencing errors are thus expected to occur 560 randomly along the sequence. Following this, it is highly unlikely that an Alkanindiges 561 sequence could randomly mutate and be classified in a genus from another phylum with 562 high confidence. Similarly, it is highly unlikely that with random sequencing errors, a MID 563 would end up with the sequence of another MID, since they were designed by Ion Torrent 564 27 to be resistant to multiple sequencing errors (Table S1 ) and the beginning of the sequence is 565 where the quality is highest. One possibility is contamination during the initial PCR, which 566 is surprising since all our no-template controls yielded no visible product. However, with 567 the very low percentage observed (<0.1% of reads), it is possible that a very slight, 568 undetectable, contamination occurred during the amplification. Another possibility is 569 carryover of template during emulsion PCR on the One Touch instrument. Incomplete 570 washing of the machine and the use of similar MIDs in two subsequent runs could have 571 resulted in a small percentage of carryover. Overall, these data provide confidence that 572 despite some very low level of missclassification, the IonTorrent data are valid and 573
representative of the environmental community in our samples. 574
The last test we performed was to re-sequence an E .coli strain, which revealed 575 highly accurate base calls. The per base accuracy was in the range of previously published 576 values for Ion Torrent, which was reported to be comparable to other next-generation 577 sequencing platforms (29, 35). Altogether, these validation tests give us confidence in the 578 quality, accuracy and reliability of the sequence data produced by Ion Torrent. The Ion 579 Torrent PGM is ideally suited for environmental microbiology studies with its rapid 580 turnaround time (run time of about 2 hours) and low sequencing run costs (run cost of 581 ~$500) and we expect that with the improvements in read lengths (currently at 250bp; 582 400bp expected by the end of 2012) it will gain wide acceptance and use. 583
584
Conclusions 585
This study revealed that river sediments in close proximity to oil sands tailings ponds were 586 chemically and microbiologically more similar to each other and to the tailings ponds than 587 28 to samples obtained from further away. Bacterial and archaeal taxa that were strongly 588 correlated to contaminant presence were also identified. Importantly these taxa have 589 potential as bio-indicators. Additionally, we demonstrated the reliability of Ion Torrent 590 sequencing in the context of environmental microbiology studies. In conclusion, the 591 indicator species identified in this study will help monitor and mitigate oil sands mining 592 impacts on the Athabasca watershed ecosystem. 
